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Introduction {#sec001}
============

Reactive oxygen species (ROS) within cells, such as hydrogen peroxide, superoxide anions and hydroxyl radicals, act as second messengers in the regulation of many important cellular events, including transcription factor activation, gene expression and cellular proliferation, differentiation and senescence \[[@pone.0140935.ref001]\]. ROS have also been implicated in the metabolic reprogramming of cancer cells, playing important roles in tumor initiation, progression, and metastasis \[[@pone.0140935.ref002]\]. And based on the different redox status of normal and cancer cells, a promising therapeutic strategy based on drugs that increase ROS generation and induce apoptosis in cancer cells comes out for cancer therapy \[[@pone.0140935.ref003]\]. High levels of ROS can directly induce oxidative damage in lipids, proteins and nucleic acids, therefore kill cancer cells by disturbing the metabolism and signal transduction. Increased ROS production is always involved in the anticancer mechanism of potential anticancer drugs, and also involved in some clinical used anticancer drugs, such as paclitaxel, 5-fluorouracil and doxorubicin \[[@pone.0140935.ref004]--[@pone.0140935.ref006]\].

Rabdosia rubescens, a kind of herbal medicine, has been traditionally used in China for the treatment of pharyngitis and esophageal carcinoma. Oridonin, the main pharmacological active substance of rabdosia rubescens with various pharmacological and physiological effects, has drawn a rising attention for cancer biologists due to its remarkable anti-tumor activities \[[@pone.0140935.ref007], [@pone.0140935.ref008]\]. It has been reported that oridonin can induce apoptosis or autophagy in various kinds of cancer cells, such as multiple myeloma cells \[[@pone.0140935.ref009]\], colorectal cancer cells \[[@pone.0140935.ref010]\], hepatoma carcinoma cell \[[@pone.0140935.ref011]\], prostate cancer cells \[[@pone.0140935.ref012]\], cervical carcinoma cells \[[@pone.0140935.ref013]\] and.oesophageal cancer cells \[[@pone.0140935.ref014]\]. And very interestingly, exposure of these cancer cells to oridonin results in a significant increase in ROS generation and the ROS scavenger, such as N-acetylcysteine (NAC), completely protects these cancer cells from oridonin induced cell death \[[@pone.0140935.ref009]--[@pone.0140935.ref013]\]. Therefore, oridonin could be served as an ideal anticancer agent for the study of ROS-mediated apoptosis in cancer cells.

As a member of scanning tunneling microscopy (STM) techniques, atomic force microscopy (AFM) is very useful in topography imaging, mechanical determination and single molecule force investigation relying on the detection of cantilever deflection induced by the forces between the AFM tip and sample. Based on these advantages, AFM has become one of the most powerful nanotechnologies for *in situ* single molecule imaging of cells, especially for cell membrane detections \[[@pone.0140935.ref015]\]. Recently, AFM has been introduced for the study of cancer cell death induced by drug treatment, which not only provides the high resolution morphological information, but also highlights the biomechanical changes during cell death \[[@pone.0140935.ref016]--[@pone.0140935.ref018]\]. These works demonstrate that AFM is very useful for the study of anticancer effects of drugs based on the cellular biophysical properties. Previous AFM studies have demonstrated that cancer cell apoptosis is closely related to the intracellular ROS level \[[@pone.0140935.ref019]--[@pone.0140935.ref021]\]. But there is still no systematic AFM study or analysis about the changes of biophysical properties in ROS-mediated cancer apoptosis.

In the present study, using high resolution AFM, we systematically investigated the biophysical properties of human oesophageal cancer KYSE-150 cells, which were found to be closely related to ROS-mediated apoptosis induced by oridonin. Oridonin was found to inhibit the proliferation, disrupt mitochondrial membrane potential and induce apoptosis of KYSE-150 cells all through the production of ROS in KYSE-150 cells. All these effects of oridonin on KYSE-150 cells could be reversed by the ROS-scavenger NAC, indicating the ROS-mediated anticancer effects of oridonin on KYSE-150 cells. Then, high resolution AFM was applied for the analysis of the anticancer effects of oridonin on KYSE-150 cells based on the biophysical properties of cells. And notably, we found that, for the first time, AFM detected morphological damage, membrane ultrastructural changes and biomechanical changes of apoptotic KYSE-150 cells induced by oridonin were also closely related to the intracellular ROS level of KYSE-150 cells, demonstrating the use of AFM as a powerful nanotool for the study of ROS-mediated cancer cell apoptosis.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

Oridonin (≥98%, HPLC) is obtained from Mingwang biotechology (China). Fetal calf serum (FCS), penicillin/streptomycin, dulbecco's modified eagle medium (DMEM), and trypsin kit are obtained from Gibco (USA). Paraformaldehyde is purchased from Sigma (USA). 3-(4, 5)-dimethylthiazo(-z-y1)-3,5-diphenyt- etrazoliumromide (MTT), N-acetyl-L-cysteine (NAC), Annexin V-FITC/PI (Annexin V-Fluorescein Isothiocyanate/Propidium Iodide) apoptosis detection kit, DCFH-DA (2\',7\'-dichlorodihydrofluorescein diacetate) reactive oxygen species assay kit, rhodamin 123, actin-tracker green (phalloidin- Fluorescein Isothiocyanate), 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) and cell cycle analysis kits (Propidium Iodide) are purchased from Beyotime Institute of Biotechnology, China.

Cell culture {#sec004}
------------

Human oesophageal cancer KYSE-150 cell line is purchased from tumor cell library of Chinese Academy of Medical Sciences (BeiJing, China), which are cultured with DMEM medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 g/mL streptomycin in a humidified atmosphere of 5% CO~2~ at 37°C.

Cell viability measurement {#sec005}
--------------------------

MTT assay was used to test the cell viability of KYSE-150 cells exposed to oridonin. The cells were seeded into 96 well plates with a density of 5×10^3^ cells/well for 24 h and incubated with different concentration of oridonin for 24 h. To scavenge the ROS produced by oridonin, cells were pretreated with 2.5 mM NAC for 1 h and then treated with oridonin for 24 h. After oridonin treatment, MTT reagent (10 μL, 5 mg/mL) was then added into each well for 4 h incubation, the medium was removed, and the cells were suspended in 150 uL DMSO to incubate for 10 min. A spectrophotometer (TECAN, Switzer-land) was used to test absorbance at 490 nm.

Intracellular ROS level determination {#sec006}
-------------------------------------

The intracellular ROS level of KYSE-150 cells was determined by a DCFH-DA based reactive oxygen species assay kit. The cells were seeded into 6 well plates with a density of 1×10^5^ cells/well for 24 h and incubated with different concentration of oridonin for 3 h. To scavenge the ROS produced by oridonin, cells were pretreated with 2.5 mM NAC for 1 h and then treated with oridonin for 3 h. After oridonin treatment, cells were harvested, washed triple with PBS and incubated with DCFH-DA solution for 30 min in dark at 37°C. Flow cytometry (BD, USA) was used to detect the intracellular ROS level after the cells were collected and washed twice with PBS.

Cell apoptosis detection {#sec007}
------------------------

Annexin V-FITC/PI apoptosis detection kit was used to detect the apoptosis of oridonin treated KYSE-150 cells according to the manufacturer's instructions. The cells were seeded into 6 well plates with a density of 1×10^5^ cells/well for 24 h and incubated with different concentration of oridonin for 24 h. To scavenge the ROS produced by oridonin, cells were pretreated with 2.5 mM NAC for 1 h and then treated with oridonin for 24 h. After incubated with oridonin, KYSE-150 cells were harvested, washed triple with PBS, suspended in Annexin V binding buffer, and incubated with FITC-labeled Annexin V and PI for 5 min at room temperature in dark. Then, the samples were immediately analyzed by Flow cytometry (BD, USA).

Mitochondrial membrane potential analysis {#sec008}
-----------------------------------------

Rhodamine 123-based flow cytometry was used to determine the alterations of mitochondrial membrane potential (MMP) of KYSE-150 cells upon oridonin treatment. The cells were seeded into 6 well plates with a density of 1×10^5^ cells/well for 24 h and incubated with different concentration of oridonin for 24 h. To scavenge the ROS produced by oridonin, cells were pretreated with 2.5 mM NAC for 1 h and then treated with oridonin for 24 h. The harvested and washed KYSE-150 cells were incubated with rhodamine 123 for 60 min in dark at 37°C. Flow cytometry (BD, USA) was used to detect the fluorescence signal of rhodamine 123 after the cells were collected and washed twice with PBS.

AFM sample preparation {#sec009}
----------------------

For AFM measurements, KYSE-150 cells were harvested with 0.25% trypsin and cultured at a density of 5 × 10^4^ cells/well on glass coverslips in a six well plate. After overnight incubation, oridonin was added into the culture medium for 24 h stimulation. To scavenge the ROS produced by oridonin, cells were pretreated with 2.5 mM NAC for 1 h and then treated with oridonin for 24 h. After that, cells were washed triple with PBS, fixed with 4% paraformaldehyde solution for 10 min, washed triple with distilled water and dried in air for morphology imaging in air or immediately used for force measurements in PBS solution. For living cell stiffness measurements, KYSE-150 cells were treated with or without oridonin and NAC for 24 h, and then washed with PBS buffer to discard the suspending cells in medium. The cells were then used for Young's modulus measurements in DMEM medium by AFM.

AFM morphology imaging and membrane ultrastructure analysis {#sec010}
-----------------------------------------------------------

AFM was used to investigate the topographical and ultrastructural (Bruker, German) changes of KYSE-150 cells induced by oridonin treatment. Organic contaminates of the silicon nitride tips used in all measurements were removed by ultraviolet irradiation. The spring constants of the AFM tips were calibrated using the thermal noise method implemented in the Nanoscope software on AFM. Firstly, the calibration of deflection sensitivity was carried out on the glass cover slips at a small vertical deflection (\~ 0 V) in air. Then the thermal tune curve was fitted by the simple harmonic oscillator fitting to calculate the spring constant. The curvature radius of the AFM tips (BudgetSensors, Bulgaria) used for morphology imaging was 10 nm, and the spring constant of tips was 0.51±0.02 N/m with a deflection sensitivity of 52.94±0.96 nm/V. The morphological and ultrastructural images of KYSE-150 cells were obtained in air at room temperature in contact mode. The ultrastructure of KYSE-150 cells was obtained in the areas surrounding the nuclei and the topographical image processing and data analysis were performed using the instrument equipped Nanoscope Analysis software. And to make the scale bar, X axis labels and Y axis labels of AFM images more readable, we re-writed the scale bar and labels for X and Y axis in these Figures. For the ultrastructure parameter analysis, 30 different 2×2 um^2^ ultrastructure images on 15 different KYSE-150 cells in each group were calculated. Before ultrastructure parameter analysis, AFM images were flattened with the first flatten order by Nanoscope Analysis software. After that, the whole ultrastructure image was calculated for height distribution and roughness by Nanoscope analysis software.

AFM stiffness analysis {#sec011}
----------------------

Biomechanical properties of living KYSE-150 cells were measured in DMEM medium by bare tips in Force Volume mode through AFM (Bruker, German). The spring constant of silicon nitride probes used for living cell measurements (Bruker, German) was calibrated by the thermal-noise method in a clean culture dish containing PBS, which was 0.08±0.01 N/m with a deflection sensitivity of 16.23±0.71 nm/V. In the Force Volume mode, the tip was alternately approached to cell surface and then retracted from 16×16 points over 1×1 um^2^ area on sample surface while force curves were synchronously recorded. For living cell meaurements, more than 15 different locations on 15 different cells were recorded at the central area of cells in each group. The Young's modulus was calculated from the force curves by basic Sneddon model, which described the behavior of a known geometry indenter in contact with an elastic half-space much less rigid than the punch as shown in Eq ([1](#pone.0140935.e001){ref-type="disp-formula"}) \[[@pone.0140935.ref022]\]: $$\text{F} = \frac{2}{\pi}\text{tan}\left( \alpha \right)\frac{E}{\left( {1 - \nu^{2}} \right)}\delta^{2}$$

Where υ, F, δ, E, and α are Poisson ratio, loading force, indentation, Young's modulus, and the half-opening angle of a conical tip, respectively. In Sneddon model, the load exerted by the punch is linked to the caused indentation depth, which shows the relationship between the applied force F and the indentation δ in the case of conical indenter. A Poisson ratio of 0.5 is appropriate for cells and thus used in the following analysis \[[@pone.0140935.ref023], [@pone.0140935.ref024]\].

Statistics {#sec012}
----------

All results are representative of three independent experiments and the data presented are expressed as Mean ± S.D.. Statistical analysis was performed using Student's t-test except that the Young's modulus is performed using Kruskal-Waillis test, and p \< 0.05 was regarded as statistically significant.

Results and Discussion {#sec013}
======================

Oridonin inhibit KYSE-150 cell viability by ROS-mediated pathway {#sec014}
----------------------------------------------------------------

Oridonin has been found to show broad-spectrum anticancer activities against different cancer cell lines \[[@pone.0140935.ref009]--[@pone.0140935.ref013], [@pone.0140935.ref025]\]. The anti-proliferation effects of oridonin against human oesophageal cancer KYSE-150 cells were investigated by MTT assay, which indicated strong proliferation inhibition effects of 24 h oridonin treatment on KYSE-150 cells as shown in [Fig 1A](#pone.0140935.g001){ref-type="fig"}. The viability of KYSE-150 cells decreased from 100.0±6.3% to 90.6±7.8%, 73.2±11.9%, 54.8±16.3%, 32.0±15.3% and 16.2±5.6% after 10 μM, 20 μM, 30 μM, 40 μM and 50 μM oridonin treatment, respectively ([Fig 1A](#pone.0140935.g001){ref-type="fig"}). The previous works focused on the anticancer activity of oridonin implied that the inhibition effects of oridonin were always accompanied by the increase of intracellular ROS level in cancer cells \[[@pone.0140935.ref009]--[@pone.0140935.ref013]\]. We also determined the ROS level in KYSE-150 cells, which demonstrated that oridonin treatment could significantly induce the over-production of ROS in a dose dependent manner and the over-produced ROS induced by oridonin could be eliminated by the pre-treatment of cells with ROS scavenger NAC ([Fig 1B](#pone.0140935.g001){ref-type="fig"}). The relative intracellular ROS level in KYSE-150 cells increased from 100.0±23.4% for control cells to 125.5±6.9%, 142.1±18.2% and 186.6±15.8% for 10 μM, 30 μM and 50 μM oridonin treated cells, respectively ([Fig 1C](#pone.0140935.g001){ref-type="fig"}). With the pretreatment of 2.5 mM NAC for 1 h, the intracellular ROS level in KYSE-150 cells upon 50 μM oridonin treatment decreased to 114.9±14.8% and the pretreatment with NAC alone showed no significant effects on the ROS level in KYSE-150 cells with an average ROS level of 105.6±2.8% ([Fig 1C](#pone.0140935.g001){ref-type="fig"}). These results implied that oridonin could induce the over-production of ROS in KYSE-150 cells, which could be eliminated by NAC pretreatment.

![ROS scavenger-NAC reversed oridonin inhibited cell proliferation and oridonin induced intracellular ROS production in oesophageal cancer KYSE-150 cells.\
(A) Effects of oridonin on the viability of KYSE-150 cells. (B) DCFH-DA assay of the effects of NAC on oridonin induced ROS production in KYSE-150 cells. (C) Statistical analysis of the effects of NAC on oridonin induced ROS production in KYSE-150 cells. (D) Effects of ROS scavenger-NAC on oridonin inhibited viability of KYSE-150 cells, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](pone.0140935.g001){#pone.0140935.g001}

To determine the roles of ROS in the anticancer activity of oridonin, we also detect the effects of NAC on oridonin inhibited KYSE-150 cell proliferation. As shown in [Fig 1D](#pone.0140935.g001){ref-type="fig"}, the viability of KYSE-150 cells was 14.6±2.5% after 50 μM oridonin treatment, which was reversed to be 97.8±1.9% by the 1 h pretreatment with 2.5 mM NAC. These results strongly suggest the inhibition effects of oridonin on KYSE-150 cell proliferation in ROS-mediated pathway.

Oridonin-induced ROS-mediated KYSE-150 cell apoptosis {#sec015}
-----------------------------------------------------

Induction of cancer cell apoptosis has been widely studied in recent decades, making it one of the most common and important indicators that need to be detected for the development of anticancer drugs. To further clarify the anticancer activity of oridonin in human oesophageal cancer cells, the apoptosis of KYSE-150 cells was determined by Annexin V-FITC/PI assay. As indicated in [Fig 2A](#pone.0140935.g002){ref-type="fig"}, oridonin could induce apoptosis of KYSE-150 cells in a dose dependent manner, and the pretreatment with NAC could inhibit oridonin induced KYSE-150 cell apoptosis. The apoptosis rate of KYSE-150 cells increased from 7.3±1.5% for control cells to 10.5±1.9%, 24.8±1.5% and 52.4±3.1% after 10 μM, 30 μM and 50 μM oridonin treatment, respectively ([Fig 2B](#pone.0140935.g002){ref-type="fig"}). And with the pretreatment of NAC, the apoptosis rates of KYSE-150 cells were 13.0±1.3% and 6.7±1.6% with and without 50 μM oridonin treatment, respectively ([Fig 2B](#pone.0140935.g002){ref-type="fig"}). Oridonin induced apoptosis of KYSE-150 cells was mostly all reversed by NAC treatment, which demonstrated that oridonin induced KYSE-150 cell apoptosis was closely related to the over-produced ROS induced by oridonin.

![ROS scavenger-NAC reversed oridonin induced oesophageal cancer KYSE-150 cell apoptosis.\
(A) Annexin V/PI assay of the effects of NAC on oridonin induced KYSE-150 cell apoptosis. (B) Statistical analysis of the effects of NAC on oridonin induced KYSE-150 cell apoptosis, \*\*\*p\<0.001.](pone.0140935.g002){#pone.0140935.g002}

To determine if the dysfunction of mitochondria was also involved in oridonin induced KYSE-150 cell apoptosis, we examined the mitochondrial membrane potential (MMP) in response to oridonin exposure by flow cytometry using rhodamine 123 as a fluorescence probe. The results implied that oridonin could induce MMP disruption of KYSE-150 cells in a dose dependent manner, and NAC could also reverse this effect ([Fig 3A](#pone.0140935.g003){ref-type="fig"}). The statistical analysis showed that the relative fluorescence signal of rhodamine 123 decreased from 100.0±1.6% for control cells to 98.1±4.7%, 93.4±1.5% and 77.0±8.2% after 10 μM, 30 μM and 50 μM oridonin treatment, respectively ([Fig 3B](#pone.0140935.g003){ref-type="fig"}). The pretreatment with NAC had no significant effects on the MMP of KYSE-150 cells, which showed a relative value of 99.96±1.82% ([Fig 3B](#pone.0140935.g003){ref-type="fig"}). And the relative fluorescence signal of rhodamine 123 also increased to 97.7±4.4% with the pretreatment with NAC and treatment with 50 μM oridonin, indicating that oridonin could also induce MPP disruption of KYSE-150 cells by ROS-mediated way. Additionally, the analysis of cell cycle distribution also demonstrated that oridonin could also induce cell cycle arrest of KYSE-150 cells at G2/M phase (Fig A in [S1 File](#pone.0140935.s001){ref-type="supplementary-material"}). Although the rates of cells at G2/M phase were not ROS level dependent, but the pretreatment with NAC could also reverse oridonin induced cell cycle arrest (Fig A in [S1 File](#pone.0140935.s001){ref-type="supplementary-material"}).

![ROS scavenger-NAC reversed oridonin induced disruption of mitochondrial membrane potential in oesophageal cancer KYSE-150 cells.\
(A) Rhodamine 123 assay of the effects of NAC on oridonin induced disruption of mitochondrial membrane potential in KYSE-150 cells. (B) Statistical analysis of the effects of NAC on oridonin induced disruption of mitochondrial membrane potential in KYSE-150 cells, \*\*p\<0.01.](pone.0140935.g003){#pone.0140935.g003}

The treatment of oridonin significantly increased the ROS level in KYSE-150 cells, and the over-produced ROS further induced the disruption of MMP, the arrest of cell cycle and the apoptosis of KYSE-150 cells. With the pretreatment of NAC, which had no significant effects on the physiological status of KYSE-150 cells but could remove the over-produced ROS, oridonin induced MMP disruption, cell cycle arrest and apoptosis of KYSE-150 cells were dramatically reversed. These results strongly suggested that the anticancer activities of oridonin in KYSE-150 cells were mainly mediated by the intracellular ROS level of KYSE-150 cells induced by oridonin.

ROS-dependent morphological damage of KYSE-150 cells {#sec016}
----------------------------------------------------

In recent years, AFM has emerged as a powerful tool for nanoscale morphology imaging and pico-newton sensitivity force measurement of cells in different physiological status \[[@pone.0140935.ref026]--[@pone.0140935.ref029]\]. The super resolution and high force sensitivity of AFM also show very wide applications for the detection of cancer cell apoptosis upon drug treatment, providing some novel information about cell morphology, cell biomechanics and membrane receptor functions \[[@pone.0140935.ref016], [@pone.0140935.ref018], [@pone.0140935.ref028]\]. The morphology of cells is closely related to cellular physiological status and functions. Cell apoptosis is always associated with a lot of typical morphological changes, such as condensation of nucleus, blebbing of the membrane and shrink of cell body.

To resolve the precise morphological changes of KYSE-150 cells induced by oridonin treatment and the roles of ROS in oridonin induced morphological changes of KYSE-150 cells, high resolution AFM was operated for the study of KYSE-150 cells. As shown in [Fig 4A](#pone.0140935.g004){ref-type="fig"}, control KYSE-150 cells showed typical oval shapes and the cells closely contacted with other cells. After treated with 10 μM oridonin for 24 h, there were no remarkable changes in the morphology of KYSE-150 cells ([Fig 4B](#pone.0140935.g004){ref-type="fig"}). After 24 h treatment with 30 μM oridonin, KYSE-150 cells showed some typical morphological characteristics of apoptosis, including the shrunk cell bodies and the condensed cytoplasm ([Fig 4C](#pone.0140935.g004){ref-type="fig"}). And for 50 μM oridonin treated KYSE-150 cells, more typical morphological characteristics of apoptosis could be observed, such as the shrink of cell bodies, condensation of cytoplasm, condensation and fragmentation of nucleus, the emergence of apoptotic body (Indicated by green arrows) and the damaged pseudopodium structures for cell connections ([Fig 4D](#pone.0140935.g004){ref-type="fig"}). To demonstrate the role of increased intracellular ROS level in oridonin induced morphological changes of KYSE-150 cells, the morphology of KYSE-150 cells with the pretreatment of 2.5 mM NAC for 1 h and 50 μM oridonin for 24 h was also investigated by AFM. The AFM images ([Fig 4E](#pone.0140935.g004){ref-type="fig"}) implied that KYSE-150 cells had no significant morphological changes upon 50 μM oridonin treatment due to the pretreatment of 2.5 mM NAC. And the pretreatment of NAC also had no remarkable effects on the morphology of KYSE-150 cells ([Fig 4F](#pone.0140935.g004){ref-type="fig"}). Additionally, we also found that control KYSE-150 cells always showed clear nucleus areas (Indicated by blue arrows in [Fig 4](#pone.0140935.g004){ref-type="fig"}), which also disappeared after oridonin treatment and reversed by the pretreatment with NAC. These high resolution AFM images suggested that oridonin could induce morphological damages of KYSE-150 cells and these morphological damages could also be reversed by NAC pretreatment, indicating that AFM can be used as a qualitative nanotool to determine ROS-mediated cell morphological changes in cancer cell apoptosis. However, this morphological imaging method based on AFM is restricted to the qualitative analysis of ROS-mediated cancer cell apoptosis, and isn't suitable for quantitative analysis.

![ROS scavenger-NAC reversed oridonin induced cell morphology damage of oesophageal cancer KYSE-150 cells.\
AFM morphology imaging of (A) control, (B) 10 μM oridonin treated, (C) 30 μM oridonin treated, (D) 50 μM oridonin treated, (E) 2.5 mM NAC+50 μM oridonin treated and (F) 2.5mM NAC treated KYSE-150 cells. (A1-F1) Topography images and (A2-F2) their corresponding 3D images of KYSE-150 cells; (A3-F3) Enlarged topography images in (A1-F1) and (A4-F4) their corresponding 3D images of KYSE-150 cells, scale bar: 20 μm.](pone.0140935.g004){#pone.0140935.g004}

ROS-dependent membrane ultrastructural changes of KYSE-150 cells {#sec017}
----------------------------------------------------------------

Cell membrane ultrastructure was also widely used to evaluate the apoptosis of cancer cells by AFM because the changes of membrane components, such as lipid raft, membrane proteins and phospholipid, were also associated with cell apoptosis \[[@pone.0140935.ref016], [@pone.0140935.ref018], [@pone.0140935.ref028], [@pone.0140935.ref030], [@pone.0140935.ref031]\]. With the high resolution imaging of AFM, some parameters describing the property of cell membrane could be extracted from the AFM ultrastructure images to clarify the changes of cell membrane during apoptosis. The effects of oridonin on the membrane ultrastructure of KYSE-150 cells were also determined by AFM analysis to investigate the more detailed morphological changes of oridonin induced KYSE-150 cell apoptosis. By enlarged imaging of cell membrane around the nucleus areas, the membrane ultrastructural parameters could be extracted for quantitative analysis of oridonin induced KYSE-150 cell apoptosis. As shown in [Fig 5](#pone.0140935.g005){ref-type="fig"}, changes of membrane structure were difficult to clarify by the direct observation of membrane ultrastructure images of KYSE-150 cells. As shown in [Fig 5](#pone.0140935.g005){ref-type="fig"}A4--[5](#pone.0140935.g005){ref-type="fig"}F4, the height distribution on cell membrane and the roughness of cell membrane (Including Rq and Ra) increased after oridonin treatment, which were then reversed with the pretreatment of NAC.

![ROS scavenger-NAC reversed oridonin induced oesophageal cancer KYSE-150 cell membrane ultrastructural changes.\
AFM morphology and membrane ultrastructure imaging of (A) control, (B) 10 μM oridonin treated, (C) 30 μM oridonin treated, (D) 50 μM oridonin treated, (E) 2.5 mM NAC+50 μM oridonin treated and (F) 2.5mM NAC treated KYSE-150 cells. (A1-F1) Topogrphy images of KYSE-150 cells, scale bar: 20 μm; (A2-F2) Enlarged membrane ultrastructure images in (A1-F1) and (A3-F3) their corresponding 3D images of KYSE-150 cells, scale bar: 500 nm; (A4-F4) Height distribution and roughness of cell surface ultrastructure analyzed from (A2-F2).](pone.0140935.g005){#pone.0140935.g005}

By calculating 30 different locations in 15 different cells in each group, the average height, Rq (root-mean-squared roughness) and Ra (average roughness) were presented in [Fig 6](#pone.0140935.g006){ref-type="fig"}. The average height of KYSE-150 cell membrane increased from 28.9±9.9 nm for control cells to 37.1±14.5 nm, 52.7±25.7 nm and 73.7±31.0 nm for 10 μM, 30 μM and 50 μM oridonin treated KYSE-150 cells, respectively ([Fig 6A](#pone.0140935.g006){ref-type="fig"}). The dramatic increase of membrane partcle size in KYSE-150 cells after 50 μM oridonin treatment could also be eliminated with the pretreatment of NAC, which showed an average height of 29.3±9.0 nm ([Fig 6A](#pone.0140935.g006){ref-type="fig"}). And the average height of NAC treated KYSE-150 cells was 29.0±10.5 nm, showing no significant effects on the membrane height distribution of KYSE-150 cells ([Fig 6A](#pone.0140935.g006){ref-type="fig"}). The Rq values of KYSE-150 cells also increased, from 8.9±2.8 nm for control cells to 10.99±0.69 11.0±3.7 nm, 13.87±1.02 13.9±5.4 nm and 22.6±9.5 nm for 10 μM, 30 μM and 50 μM oridonin treated KYSE-150 cells, respectively ([Fig 6B](#pone.0140935.g006){ref-type="fig"}). And if the cells were pretreated with NAC, the Rq values were 9.6±2.7 nm and 9.1±2.7 nm with and without 50 μM oridonin treatment, respectively ([Fig 6B](#pone.0140935.g006){ref-type="fig"}). Similarly, the Ra value was 7.1±2.3 nm for control cells, and increased to 8.6±2.8 nm, 10.7±4.1 nm and 18.0±7.7 nm after 10 μM, 30 μM and 50 μM oridonin treatment, respectively ([Fig 6C](#pone.0140935.g006){ref-type="fig"}). The significant increase of Ra in KYSE-150 cells after 50 μM oridonin treatment could also be reversed with the pretreatment of NAC to show a Ra value of 7.5±2.1 nm ([Fig 6C](#pone.0140935.g006){ref-type="fig"}). And the NAC pretreated KYSE-150 cells without oridonin treatment showed a Ra value of 7.2±2.1 nm ([Fig 6C](#pone.0140935.g006){ref-type="fig"}). These results indicated that, similar with the intracellular ROS level, both the membrane height distribution and membrane roughness of KYSE-150 cells increased after oridonin treatment in a dose dependent manner, and the increased membrane height distribution and membrane roughness could also be reversed by NAC pretreatment.

![Statistical results of NAC reversed oridonin induced oesophageal cancer KYSE-150 cell membrane ultrastructural changes determined by AFM.\
(A) Height distribution, (B) root-mean-squared roughness (Rq) and (C) average roughness (Ra) analyzed from 2×2 μm frame ultrastructure images of KYSE-150 cells, n = 30, \*p\<0.05, \*\*\*p\<0.001.](pone.0140935.g006){#pone.0140935.g006}

It is well known that cell membrane ultrastructure is influenced by several environmental and subcellular state factors such as motility, adhesion, and intracellular contact, thus could be developed into very good indicators of the health or unnormal status of cells \[[@pone.0140935.ref032]\]. The height distribution and roughness of cell membrane determined by AFM are parameters describing the structure of cell membrane. The increased membrane height distribution could be attributed to the aggregation of membrane biomolecules. As reported, the hole like structures would lead a rougher surface of cells \[[@pone.0140935.ref018]\]. And generally, more molecules located on plasma membranes, larger roughness of cell surface would be detected by AFM \[[@pone.0140935.ref033]\]. Cell apoptosis is associated with the exposure of inner membrane phospholipid at the cell surface, which thus produces integrated changes of electrostatic potential and hydration in the outer leaflet of cell membrane \[[@pone.0140935.ref034]\]. And in ROS-mediated apoptosis, high intracellular ROS levels are also found to affect the structure or expression of some important membrane components, such as transmembrane channels, receptors and lipid raft \[[@pone.0140935.ref035]--[@pone.0140935.ref037]\]. The results had demonstrated that oridonin could induce the over-production of ROS to further induce KYSE-150 cell apoptosis in a dose-dependent manner (Figs [1](#pone.0140935.g001){ref-type="fig"} and [2](#pone.0140935.g002){ref-type="fig"}), and the increase of intracellular ROS level might also have strong effects on the membrane structure of KYSE-150 cells. Our results demonstrated that the ROS-dependent apoptosis of KYSE-150 cells induced by oridonin could also be quantitatively detected by AFM ultrastructure imaging and analysis, providing evidences for the dose dependent damage of cell membranes. And the pretreatment with NAC could also reverse the membrane ultrastructural changes of KYSE-150 cells induced by oridonin, demonstrating that the membrane ultrastructural damages were also ROS dependent. Based on high resolution AFM imaging, the cell surface ultrastructre is visulized and quantified, which could be further used to detect ROS-dependent cancer cell apoptosis. This method provides some novel information about the cell membrane ultrastructure in ROS-mediated cell apoptosis.

ROS-dependent cellular biomechanical changes of KYSE-150 cells {#sec018}
--------------------------------------------------------------

Despite the high resolution morphological imaging, AFM is also very useful to quantitatively measure the biomechanics of cells with pico-newton sensitivity using its force measurement function. Cell biomechanics determined by AFM, such as adhesion force and stiffness, are found to be closely related to some important physiological functions and the health status of cells \[[@pone.0140935.ref026]--[@pone.0140935.ref029]\]. In recent decades, the biomechanical properties of living or fixed cells have been widely investigated to understand the roles of biomechanics in cell functions \[[@pone.0140935.ref016], [@pone.0140935.ref023], [@pone.0140935.ref024], [@pone.0140935.ref038]--[@pone.0140935.ref040]\]. For AFM force measurement, the AFM tip is located onto the surface of cell samples, presses against the sample and then retracts from the cell surface. During the retraction process of AFM tip, the retraction results occur as adhesive events between the tip and cell membrane. Based on these adhesive events, the adhesion force between AFM tips and cell surface can be determined, and the stiffness of cell sample could also be further analyzed. The adhesion force of cells determined by AFM are induced by the interactions between the AFM tip and cell membrane, which could be served as a parameter describing the adhesion and spreading of cells. We investigated the adhesion force of KYSE-150 cells upon oridonin treatment, the increased adhesion force was found in oridonin treated KYSE-150 cells (Fig B in [S1 File](#pone.0140935.s001){ref-type="supplementary-material"}). But the increased adhesion force for 50 μM oridonin treated cells was much smaller than that of 30 μM oridonin treated cells, indicating that the adhesion force detected by AFM was not positively correlated with cell apoptosis. Generally, the adhesion force between the cell surface and an AFM tip is attributed to the amount of carbohydrate-containing molecules or adhesion molecules on plasma membranes\[[@pone.0140935.ref041]\]. Therefore, the non dose dependent increase of adhesion force in oridonin induced KYSE-150 cells might be controlled by the amount of carbohydrate-containing molecules or adhesion molecules on cell membrane.

The stiffness of cancer cells can be served as an important indicator of the invasion or metabolism state of tumors \[[@pone.0140935.ref042], [@pone.0140935.ref043]\]. And, the measurements of stiffness in cancer cells are also of vital importance to understand the biophysical properties of cancer cells upon drug treatment \[[@pone.0140935.ref016], [@pone.0140935.ref018], [@pone.0140935.ref028]\]. To determine whether AFM based force measurement could also be used to detect ROS-mediated cell apoptosis, we further investigated the Young's modulus (a parameter describing stiffness) of KYSE-150 cells by AFM using the basic Hertz-Sneddon model (the typical fitting processes of the force curve by Hertz-Sneddon model was shown in Fig C in [S1 File](#pone.0140935.s001){ref-type="supplementary-material"}). The Force Volume mode of AFM was applied for Young's modulus analysis of living KYSE-150 cells to provide the Young's modulus maps as shown in [Fig 7](#pone.0140935.g007){ref-type="fig"}. The representative color based Young's modulus maps of KYSE-150 cells clearly indicated that the stiffness of KYSE-150 cells increased with the treatment of oridonin in a dose dependent manner, and the increased stiffness was reversed with the pretreatment of NAC. The histogram distribution analysis of Young's modulus results ([Fig 8](#pone.0140935.g008){ref-type="fig"}) showed that the Young's modulus was increased from 7.36±6.55 kPa for control living KYSE-150 cells to 8.78±7.37 kPa, 12.56±10.18 kPa, 18.82±11.68 kPa for 10 μM, 30 μM and 50 μM oridonin treated KYSE-150 cells, respectively. And if the cells were pretreated with NAC, the Young's modulus values were 8.42±8.79 kPa nm and 7.86±7.74 kPa with and without 50 μM oridonin treatment, respectively. Additionally, we also determined the stiffness of fixed KYSE-150 cells (Fig D in [S1 File](#pone.0140935.s001){ref-type="supplementary-material"}), which showed similar changes with oridonin and NAC treatment. These AFM results suggested that oridonin treatment could induce KYSE-150 cells to be much stiffer, which could be reversed by the pretreatment of NAC.

![ROS scavenger-NAC reversed oridonin induced changes of Young's modulus in oesophageal cancer KYSE-150 cells.\
Typical Young's modulus maps obtained from (A) control, (B) 10 μM oridonin treated, (C) 30 μM oridonin treated, (D) 50 μM oridonin treated, (E) 2.5 mM NAC+50 μM oridonin treated and (F) 2.5mM NAC treated KYSE-150 cells.](pone.0140935.g007){#pone.0140935.g007}

![ROS scavenger-NAC reversed oridonin induced changes of Young's modulus in oesophageal cancer KYSE-150 cells.\
(A) Histogram distribution of Young's modulus obtained from KYSE-150 cell. (B) Statistical analysis of the effects of NAC on oridonin induced KYSE-150 cell Young's modulus changes, n\>5000, \*\*\*p\<0.001.](pone.0140935.g008){#pone.0140935.g008}

Stiffness is one of the mechanical parameters describing the relation between an applied, nondestructive load and resultant deformation of a sample, which is very sensitive to the internal structural details of heterogeneous sample. In theory, the Young's modulus calculated on cell surface is dependent on the intracellular structures of cells, including the strength of cytoskeleton and the presence of underlying organelles under cell surface, such as nuclei and mitochondria. A larger increase of stiffness, such as five-fold increasing, is always supposed to be mainly caused by the changes of underlying organelle distributions, whereas small and gradual increases of stiffness are mainly attributed to the hardening of cytoskeleton structures\[[@pone.0140935.ref044]\]. The gradual increase of stiffness in KYSE-150 cells induced by oridonin treatment indicated that the cytoskeleton structure changes might also be involved in the anticancer activities of oridonin against KYSE-150 cells.

As reported, the cytoskeleton structure of cells was always disrupted during the apoptosis of cells and the high intracellular ROS level also could induce oxidative damage of cytoskeleton structure of cells \[[@pone.0140935.ref045], [@pone.0140935.ref046]\]. As the most important part of cytoskeleton, the integrity of F-actin network was regarded as an important indicator of cell stiffness, which could be measured by AFM \[[@pone.0140935.ref047]\]. To clarify whether cytoskeleton was the main source of stiffness changes in KYSE-150 cells, we further investigated the structure of F-actin in KYSE-150 cells upon oridonin treatment by fluorescence imaging. The results demonstrated that oridonin treatment indeed induce the damage of F-actin structure in KYSE-150 cells, making thread-like F-actin fibres disappear and the close contacted F-actin between cells much weaker (Fig E in [S1 File](#pone.0140935.s001){ref-type="supplementary-material"}). And the pretreatment with NAC could also reverse the damage of F-actin in KYSE-150 cells induced by oridonin treatment (Fig E in [S1 File](#pone.0140935.s001){ref-type="supplementary-material"}). In addition, we also found that oridonin could induce the damage of nucleus of KYSE-150 cells, which could also be protected by the pretreatment of NAC. Based on these results, we could consider that the high intracellular ROS level induced by oridonin in KYSE-150 cells had strong destructive effects on the F-actin cytoskeleton structure of KYSE-150 cells, and these effects would be inhibited by removing the over-produced ROS with pretreatment of NAC.

Taking all results obtained here into account, we proposed a schematic diagram of ROS-mediated-oridonin induced KYSE-150 cell apoptosis that could be qualitatively and quantitatively detected by AFM ([Fig 9](#pone.0140935.g009){ref-type="fig"}). Oridonin treatment could induce the over-production of ROS in KYSE-150 cells, which played a key role in oridonin induced KYSE-150 cell apoptosis. The over-produced ROS had strong destructive effects on the structure and function of mitochondria, which induced the disruption of mitochondrial membrane potential. The high intracellular ROS level also induced oxidative damage in the membrane component of KYSE-150 cells, which would disturb the native membrane structure of KYSE-150 cells. Based on the changes of cell membrane, high resolution AFM imaging could be applied for the membrane ultrastructure detection, which found the increased height and increased roughness in the membrane of ROS-mediated oridonin-induced apoptotic KYSE-150 cells. The over-produced ROS also showed toxicity in the nucleus of KYSE-150 cells, and then induce the damage of nucleus structure and the arrest of cell cycle. Additionally, the high ROS level also showed strong destructive effects on the cytoskeleton component F-actin, which induced the disruption of F-actin structure. On the one hand, the ROS induced damage of nucleus and F-actin would lead the shrink of cell bodies, condensation of cytoplasm and fragmentation of nucleus, which could be imaged by AFM to elucidate the morphological changes of apoptotic KYSE-150 cells. On the other hand, the F-actin network was thought to generate the tension inside cells and played very important roles in maintaining the biomechanics of cells, because an intact actin cytoskeleton would respond elastically to an imposed force (which was evolved into the concept of tensegrity and osmotic regulation of cells) while a fragmented cytoskeleton would lose the ability to show their native elastic behavior of cells and simply respond as an inanimate blot to be stiffer\[[@pone.0140935.ref048]\]. And the broken and condensation of nucleus in KYSE-150 cells induced by oridonin might also play important roles in the increased stiffness of KYSE-150 cells, because an intact nucleus of cells was also responsible for the native elasticity of cells to an applied force and the damage of nucleus thus would also induce the cells to be much stiffer. The ROS-mediated F-actin cytoskeleton structure and nucleus damage induced by oridonin therefore made KYSE-150 cells become more rigid to respond to an imposed force, making AFM force measurements an ideal method to detect the stiffness changes of KYSE-150 cells induced by oridonin. Based on these results, we demonstrated that AFM, as a powerful nanotool, could also be developed to qualitatively and quantitatively detect ROS-mediated oridonin-induced cancer cell apoptosis relying on the biophysical properties of cells.

![Schematic diagram showing the ROS-mediated oridonin induced KYSE-150 cell apoptosis that can be detected by AFM.](pone.0140935.g009){#pone.0140935.g009}

In conclusion, the findings presented here demonstrated for the first time that AFM could be applied for the study of ROS-mediated cancer cell apoptosis based on the biophysical changes of cells. Oridonin was found to inhibit KYSE-150 cell proliferation and induce KYSE-150 cell apoptosis by inducing the over-production of intracellular ROS in a dose dependent manner, demonstrating the ROS mediated anticancer activities of oridonin in KYSE-150 cells. Based on the advantages of high resolution imaging, the morphological changes and membrane ultrastructural changes of ROS-mediated oridonin-induced KYSE-150 cell apoptosis could be determined by AFM. And by using force measurement, the biomechanical changes in ROS-mediated oridonin-induced KYSE-150 cell apoptosis could also be investigated by AFM stiffness investigation. Our findings not only provide new insights into the anticancer effects of oridonin against oesophageal cancer cells, but also highlighted the use of AFM as a powerful nanotool for qualitative and quantitative analysis of ROS-mediated cancer cell apoptosis, which could extend our understanding of the roles of ROS in cancer cell apoptosis into nanoscale.

Supporting Information {#sec019}
======================

###### Qualitative and quantitative analysis of ROS--mediated oridonin-induced oesophageal cancer KYSE-150 cell apoptosis by atomic force microscopy.

ROS scavenger-NAC reversed oridonin induced cell cycle arrest in oesophageal cancer KYSE-150 cells (Fig A). Effects of oridonin on the adhesion force of KYSE-150 cells (Fig B). Typical force curve obtained on living KYSE-150 cells (Fig C). ROS scavenger-NAC reversed oridonin induced changes of Young's modulus in fixed oesophageal cancer KYSE-150 cells (Fig D). ROS scavenger-NAC reversed oridonin induced cytoskeleton F-actin disruption in oesophageal cancer KYSE-150 cells (Fig E).
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